Abstract. The concentration-carbon feedback factor ( ), also called the CO2 fertilization effect, is a key unknown in climatecarbon cycle projections. A better understanding of model mechanisms that govern terrestrial ecosystem responses to elevated 20 CO2 is urgently needed to enable a more accurate prediction of future terrestrial carbon sink. We calculated CO2 fertilization effects at various hierarchical levels from leaf biochemical reaction, leaf photosynthesis, canopy gross primary production (GPP), net primary production (NPP), to ecosystem carbon storage (cpool), for seven C3 vegetation types in response to increasing CO2 under RCP 8.5 scenario, using the Community Atmosphere Biosphere Land Exchange model (CABLE 
photosynthesis, stomatal conductance, and heat and water transfer in CABLE are calculated using the two-leaf approach (Wang & Leuning, 1998) for both sunlit leaves and shaded leaves. The distinction between sunlit and shaded leaves is necessary in scaling from leaf to canopy because the response of photosynthesis to the absorbed photosynthetically active radiation (PAR) is nonlinear. The two-leaf model uses the same set of equations for calculating photosynthesis, transpiration and sensible heat fluxes for an individual leaf, but with the bulk formulation for the parameters for all sunlit and shaded leaves separately. For a 95 given leaf parameter P, the corresponding parameter values for the two big leaves are calculated as: (1 − ( )) (big shaded leaves)
is the fraction of sunlit leaves within a canopy, calculated by = exp (-λ) , where is the extinction coefficient of direct beam radiation for a canopy with black leaves. is cumulative LAI. coefficient of a canopy of black leaves for direct beam radiation. is an empirical parameter used to describe the vertical distribution of leaf nitrogen in the canopy.
is stomatal conductance, and is calculated as: 
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Where 0 is stomatal conductance when =0. and 0 are empirical constants, is an empirical parameter describing the availability of soil water for plants. A is net assimilation rate in Equ. (3). is CO2 mol fraction at the leaf surface. Γ is CO2 compensation point of photosynthesis. is vapour pressure deficit at the leaf surface.
Leaf Area Index (LAI) is calculated as:
Where is leaf carbon pool, SLA is specific leaf area.
In CABLE model, leaf growth is divided into four phases. Phase 1 is from leaf budburst to the beginning of steady leaf growth, phase 2 is from the start of steady leaf growth to the start of leaf senescence, phase 3 is the period of leaf senescence, and phase 4 is from the end of leaf senescence to the start of leaf bud burst. During phase 1, allocation of available carbon to leaf is fixed 140 to 0.8, and allocation to wood and root are set to 0.1 for woody biomes, and 0 and 0.2 respectively for non-woody biomes.
During steady leaf growth (phase 2), the allocation coefficients are constants but vary from biome to biome, taking their values from Fung et al. (2005) . During phases 3 and 4, the leaf allocation is zero and its phase 2 allocation is divided between wood and root in proportional to their allocation coefficients. For evergreen biomes, leaf phenology remains at phase 2 throughout the year (Wang et al., 2010) . SLA is PFT-specific and does not change through time in this study.
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Calculation of values at five hierarchical levels
We aimed to analyze CO2 fertilization effects from biochemical level (ℒ), leaf photosynthesis (p), canopy gross primary production (GPP), net primary production (NPP), and ecosystem carbon storage (cpool). values of the five levels were calculated as the normalized sensitivity of those variables to eCO2. 
Where and represent leaf-level Rubisco-and RuBP-limit photosynthesis rates respectively:
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indicates the scaling factor that scales fluxes at the single top leaf of the canopy to whole canopy fluxes. For sunlit leaves:
For shaded leaves: The rate of photosynthesis is typically RuBP-regeneration-limited when CO2 concentration exceeds 300 ppm (Soolanayakanahally et al., 2009) . Our results also show that photosynthesis rate under RCP8.5 scenario is mainly RuBPregeneration-limited (results not shown). Leaf-level for sunlit leaf and shaded leaf are defined as:
Where and ℎ are leaf-level photosynthesis rates for sunlit leaf and shaded leaf respectively. is atmospheric CO2
concentration. ℒ was first proposed by Luo et al. (1996) . ℒ function is the normalized response of leaf photosynthesis to a small change in and has been suggested to be an invariant function for C3 plants grown in diverse environments. In this study, ℒ can be used to indicate leaf biochemical response to eCO2. For sunlit leaf and shaded leaf, ℒ is defined as:
In this study, Γ * and Γ * ℎ are yearly average CO2 compensation points in the absence of day respiration for sunlit leaf and shaded leaf respectively. Intercellular CO2 concentration ( ) varies significantly at daily, intra-annual and inter-annual basis. We're interested in how responds to eCO2 on an inter-annual basis. So we first outputted hourly then calculated 190 yearly GPP-weighted average for sunlit leaf ( ) and shaded leaf ( ℎ ).
Canopy-level GPP is defined as:
Where GPP is the average annual GPP between the two adjacent years. dGPP and d are the differences of GPP and 195 between two adjacent years respectively.
The sensitivity of yearly average LAI to CO2 is defined as:
Where LAI and dLAI are similarly defined as those about GPP. (24) . Subscripts "sun" and "sha" denote the sunlit and shaded components of leaflevel photosynthesis and leaf-to-canopy scaling factors.
Net ecosystem productivity level NPP is defined as:
Where NPP and dNPP are similarly defined as those about GPP.
Ecosystem carbon storage level is defined as:
Where cpool is the average of total ecosystem carbon storage between two adjacent year, d is the difference of total ecosystem carbon storage between two adjacent year. Then these normalized sensitivities are of identical units (ppm -1 ) and can be compared with each other. 
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The correlations between and LAI are weaker than those between NPP and LAI . Across different C3 plant types, results also show that LAI linearly correlates with GPP , NPP and (Fig. 4a, Fig. 4b and Fig. 4c ), but with slopes that gradually decrease from 0.93 to 0.87 and 0.81.
of sunlit and shaded leaves
To understand influences of LAI on canopy GPP, we investigate sunlit and shaded leaf GPP. Temporal trends of sunlit leaf 270 GPP (GPP ) and shaded leaf GPP (GPP ℎ ) were plotted for each type of C3 plants from 1901 to 2100 in Fig.5 . From the beginning of simulation, GPP ℎ is higher than GPP for almost all C3 types. With significant increases of CO2 concentration from 2011, GPP ℎ responds more drastically than GPP . Shaded leaf GPP of deciduous broadleaf forest and shrub responds to eCO2 more significantly than other vegetation types. However, a single sunlit leaf has higher photosynthesis rate than a shaded leaf because of more radiation absorbed. Thus, the scaling factor of shaded leaves contributes more to the 275 magnitude and sensitivity of canopy GPP.
Temporal trends were plotted for GPP ( GPP ℎ ) and decomposing factors ( ℎ ) and ( ℎ ) for each vegetation type (Fig.6 ). GPP/LAI might lead to biases because some models used two-leaf or multiple-layer canopy structure. In our study, we also compared the sensitivities of GPP/LAI with leaf-level values derived from and Γ * . Results show that the former calculation causes large biases, especially for trees (Fig.S5) . Thus, the relatively large divergence of the sensitivities of GPP/LAI to eCO2 in Hajima et al. (2014) may not indicate diverse leaf-level photosynthesis responses among CMIP5 models.
Another advantage of our calculation of leaf-level is that the reason for the divergence of leaf-level within and across 295 vegetation types can be traced back to difference from and leaf temperature as shown in Fig.2 .
The direct CO2 fertilization effect occurs at leaf level and is determined by kinetic sensitivity of Rubisco enzymes to internal leaf CO2. In fact, the normalized short-term sensitivity of leaf level photosynthesis to CO2 is mainly regulated by intercellular CO2 concentration and slightly influenced by leaf temperature, regardless of light, nutrient availability, and species 300 characteristics (Luo et al., 1996; Luo & Mooney, 1996 315 tended to be reduced to a greater extent in grasses and shrubs than in trees (Ainsworth & Long, 2005) . Due to the downregulation mechanism, the leaf biochemical response to eCO2 will diverge more among different C3 functional groups.
Variation of β at canopy and ecosystem levels
The two-leaf scaling scheme in CABLE is widely employed by many land surface models, such as Community Land Model , 2016) . We found the responses of ecosystem carbon cycle to eCO2 diverge primarily because the responses of LAI diverge within and among vegetation types. Besides, GPP of shaded leaves responds stronger than that of sunlit leaves for all C3 plants. This is because the LAI-dependent scaling factor of shaded leaves increase exponentially with increasing LAI, leading to a rapid change of GPP. Our results also indicate that saturation of GPP is not only regulated by the leaf-level response, but also by the response of the scaling factors to eCO2. For shaded leaves, the 325 sensitivity of the scaling factor contributes more to the magnitude and trend of GPP ℎ . The evidence all suggests LAI is a key process in modeling the response of ecosystem carbon cycle to climate change.
It has been reported that LAI is overestimated in CMIP5 historical simulations compared with remote sensing LAI products (Anav et al., 2013 experiments, such as in a high-LAI deciduous broadleaf forest (Norby et al., 2003) and in a low-LAI evergreen broadleaf forest (Duursma et al., 2016) . In this study, modelled effects at the canopy-level are higher than those at the leaf-level for all C3 335 plants, whereas it is generally observed in experiments that the leaf-level response is consistently larger than the whole plant response (Long et al., 2006; Leuzinger et al., 2011) . One possible reason is that models overestimate the response of LAI to eCO2, as this study has shown that LAI is an important factor in driving ecosystem response to CO2 fertilization. And it is also likely the overestimation of the response of LAI to eCO2 is responsible for the overestimation of CO2 fertilization in ESMs reported by previous studies (Smith et al., 2015; Mystakidis et al., 2017) .
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In CABLE, the variation of the response of LAI to eCO2 within a certain vegetation type is mainly dominated by environmental factors such as temperature, radiation and water. While for different vegetation types, diverse seasonal dynamics of leaf growth introduce additional variation. The overall response of LAI to eCO2 depends on several processes in this study: (1) NPP increment, (2) change in allocation of NPP to leaf, (3) change in specific leaf area (SLA) in response to eCO2, (4) patches saturate at the prescribed maximum value in response to eCO2 (Fig. S6 and Table. S1 ). That's why the sensitivity of LAI for evergreen broadleaf forest is low and thus leads to small relative GPP and NPP enhancements. If the preset LAI upper limits are narrowed, effects might be significantly reduced. Hence model parameters related to LAI need to be better calibrated according to experiments and observations in order to better represent the response of ecosystem productivity to eCO2 (Qu & Zhuang, 2018) .
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In this study, the almost identical values and variance of NPP as those of GPP within and across C3 plants suggests carbon use efficiency does not change with eCO2, as autotrophic respiration is calculated from GPP and plant carbon. The reduced magnitudes of compared with those of GPP and NPP indicates carbon turnover processes make ecosystems respond to eCO2 less sensitively. A previous study using seven global vegetation models identified carbon residence time as 365 the dominant uncertainty in terrestrial vegetation responses to future climate and atmospheric CO2 change (Friend et al., 2014) .
The response of soil carbon storage to eCO2 also depends on carbon turnover time (Harrison et al., 1993) . In our study, soil decomposition rate is assumed not to be affected by CO2 level, as in most other conventional soil carbon models (Friedlingstein et al., 2006; Luo et al., 2016) . However, recent synthesis of experimental data suggests eCO2 increases turnover rate of new soil carbon (Van Groenigen et al., 2014; Van Groenigen et al., 2016) . Within a certain vegetation type, the variation of 370 across different geographical locations is usually not as large as that of NPP . But the greatest variation of among different C3 plants compared with variations of GPP and NPP suggests other processes such as different carbon allocation patterns, plant carbon turnover, and the soil carbon dynamics of various vegetation types, are responsible for the divergence.
It should be noted that our study was designed to identify the key process that influences CO2 fertilization effects without 375 considering nitrogen and phosphorus interactions. effects might be over-estimated by the neglect of nutrient limitations on plant growth (Hungate et al., 2003; Luo et al., 2004; Thornton et al., 2009 et al., 1996; Luo & Mooney, 1996) . A recent study used 16 crop models to predict rice yield in response to eCO2 (Hasegawa et al., 2017) . They found the variation of yield response across models was not associated with model structure or magnitude of primary photosynthetic response to eCO2, but was significantly related with the predictions of leaf area. This is consistent with our conclusion about the relative 390 conservative character of leaf-level . The high association between the response of LAI and response of yield among those models extends our conclusion about internal association between these two variables within a model, highlighting the great need to improve prognostic LAI modeling.
Although we analyze a single land-surface model in detail, we suspect our top-level conclusions will be generally applicable.
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We therefore invite other land-surface modelling groups to similarly analyze their model estimates of at different hierarchical levels across different geographical locations and vegetation types as we did, and focus more on contributions from change in leaf-level photosynthesis, changes in leaf area index and changes in land carbon residence times. 
